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Photoluminescence of InAs 1ÀxSbx ÕAlSb single quantum wells:
Transition from type-II to type-I band alignment

M. J. Yang,a) B. R. Bennett, M. Fatemi, P. J. Lin-Chung, and W. J. Moore
Naval Research Laboratory, Washington, D.C. 20375

C. H. Yang
Department of Electrical Engineering, University of Maryland, College Park, Maryland 20742

~Received 24 September 1999; accepted for publication 24 February 2000!

Infrared photoluminescence has been used to study the band-gap energy of InAs12xSbx digital
superlattices and band alignment of InAs12xSbx /AlSb quantum wells at 5 K. It is found that the
InAs12xSbx digital alloys have a smaller effective band gap than InAs12xSbx random alloys. In
addition, the valence band offset between type-II InAs/AlSb is determined to be 130 meV. This
number reduces as the Sb mole fraction in InAs12xSbx is increased, and the alignment between
InAs12xSbx /AlSb becomes type I whenx.0.15. © 2000 American Institute of Physics.
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High-frequency operation and low power consumpti
are key issues for communication devices. One way to
prove device performance is through device scaling. Ho
ever, before device scaling inevitably reaches its fabrica
and physical limitations, new material systems and/or n
device structures should be explored. It is crucial for mic
wave applications to have a transistor channel with high c
ductivity and high electron saturation velocity.1 For these
reasons, the channel material for field-effect transist
~FET! has been shifting from GaAs toward InyGa12yAs with
a higher and higher In mole fraction. As a result, the bar
material, which requires strong carrier confinement and
tice match, has been changed from AlyGa12yAs to
InyAl12yAs and then to AlSb for InAs channels. Recent
low-voltage, high-speed performance has been demonstr
for InAs/AlSb high-electron-mobility transistors~HEMTs!
owing to the excellent intrinsic electron properties in InA
and the large conduction band offset between InAs
AlSb. However, the lack of hole confinement for the sta
gered, type-II band alignment in InAs/AlSb HEMTs imped
the projected progress. Although a few remedies have b
shown effective,1,2 a type-I alignment between the chann
and barrier materials is still preferred.3

Recently, it has been demonstrated that the ternary
rier, AlAsySb12y exhibits a type-I alignment with InAs
channels.4 In this letter, we report the investigation of a te
nary semiconductor for channel material, InAs12xSbx , and
its band alignment with AlSb barrier. Since the electron m
bility and saturation velocity for InSb are even superior
InAs, an addition of Sb in the channel has the potentia
further improve the HEMT’s performance. In this work, th
InAs12xSbx was grown as (InAs)n~InSb!1 digital super-

a!Electronic mail: yang@bloch.nrl.navy.mil
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lattices5 by modulation molecular-beam epitaxy~MMBE!.6

We found that InAs12xSbx grown by this technique has
smaller effective band gap than InAs12xSbx random alloys.
This band-gap reduction is attributed to the InAs/InSb latt
ordering in the context of the x-ray diffraction measureme
and the tight binding calculation.7 In addition, we use
infrared photoluminescence~PL!8 to demonstrate the de
sired type-I alignment for the lattice closely match
InAs0.8Sb0.2/AlSb system.

Compared to dual-cation ternary semiconductors,
composition ratio in dual-anion alloys is more difficult t
control with MBE growth due to the nonunity sticking coe
ficient for group-V elements. One approach to composit
control is to utilize MMBE. This versatile technique provide
enough accuracy and reproducibility, and has been prove
improve the crystalline quality of AlAs12ySby .6 Owing to
the small band gap, InAs12xSbx random alloys have bee
investigated for infrared detectors9 and infrared lasers,10 and
have been grown by different methods including MBE.11,12

In contrast, InAs12xSbx digital alloys were grown by MMBE
in this work as described in Ref. 5, and characterized
high-resolution x-ray diffraction and infrared PL. Due to th
large lattice mismatch between the binary end points, In
~6.0584 Å! and InSb~6.4794 Å!, the InSb is kept at one
monolayer each period, and the composition is adjusted
the duration of InAs growth. All samples were grown o
GaAs substrates with 40–51 periods of (InAs)n~InSb!1,
where n is the number of InAs monolayers. Three of th
samples~x55%, 11%, and 15%! have a 1-mm InAs buffer
layer, while two of them~x518%, and 22%! have a 1-mm
AlSb buffer. The determination ofx is based on x-ray mea
surements. For example, a determination of a relaxed la
constant of 6.1210 Å impliesx515%. This particular epi
film has the largest lattice mismatch to the buffer, i.e., 1.0
2 © 2000 American Institute of Physics
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among all of the samples in this work. Based on hig
resolution x-ray analysis, the in-plane and vertical latt
constants of a 860 Å thick InAs0.85Sb0.15 digital alloy are
found to be 6.0834 and 6.1548 Å, respectively, implying
strain factor of 0.60.

Figure 1 exhibits the normalized PL spectra at 5 K for
four epitaxial films,x50% ~4-mm InAs on a GaAs sub-
strate!, 5%, 11%, and 22%, where the excitation power is
W/cm2 at 810 nm. As we can see, whenx is increased, the
peak energy decreases and the linewidth increases; the
width at half maximum is 6.5, 34.5, 35.1, and 62.4 me
respectively. For the epitaxial film withx50, several appar-
ently impurity related lines are observed. In contrast,
samples withx511%, the only distinguishable line othe
than the main peak is at 414 meV, which is from the In
buffer layer. The absorption features around 180 meV
due to residual mounting grease on the sample surface.
ure 2 summarizes the PL peak energies at 5 K, where the
for x51 was performed on a 4-mm-thick InSb epitaxial film
grown by MBE on an InSb substrate. The solid curve is
experimental band-gap energy for random alloys obtained
Fanget al.13 Our binary endpoints~x50 and 1! are consis-
tent with the solid curve. However, the bandgap for digi

FIG. 1. Normalized photoluminescence spectra for four epitaxial film

FIG. 2. Energy band gap of InAs12xSbx as a function of Sb composition
Solid squares and open circles are 5 K photoluminescence peak energies fo
digital InAs12xSbx alloys, and for InAs12xSbx /AlSb single quantum wells,
respectively. Solid and dashed curves are from Refs. 13 and 7, respect
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alloys falls below that of random alloys. For example, t
band gap for digital InAs0.78Sb0.22 is 65 meV smaller. A
band-gap reduction for MBE-grown InAs12xSbx random al-
loys has been reported, and is attributed to strain effects
natural phase separation.11,12

The periodicity of our digital alloys is evident from th
existence of satellite peaks in the single-crystal x-r
diffraction.5 We have also carried out a tight-binding calc
lation for (InAs)n~InSb!1 superlattices assuming a relaxe
~i.e., free-standing! lattice constant and a valence band offs
of 0.5 eV between unstrained InAs and InSb. The calcula
effective band gap is plotted as the dashed curve in Fig.
is clear that, although our data lie between the solid and
dashed curves, they follow more closely the solid one. T
suggests that our epi films have essentially a random a
nature but with some group-V modulation.

With the knowledge we gained from the digital superla
tices, we grew several InAs12xSbx single quantum wells
sandwiched by AlSb in order to examine the band alignm
between the AlSb and InAs12xSbx . More specifically, we
will first determine the band offset between InAs and AlS
and then identify the minimum Sb composition required
form the type-I alignment with AlSb. Due to the type-
alignment, i.e., lack of hole confinement, the InAs sing
quantum well is almost nonluminous.14 We amended the
structure with an additional thin InAs quantum well so t
hole can be confined in the AlSb layer, as depicted in
schematic band diagram of Fig. 3~a!. Luminescence tha
peaks at 305 meV has been detected on this sample, o
nating from the recombination of electrons in the 100 Å In
quantum well and holes in the 30 Å AlSb. The subba
energies are calculated, respectively, to be 110 and 40 m
where the nonparabolicity and wave function penetrat
effects15 are considered. It is known that the InAs quantu
well is fully strained to AlSb lattice~6.1355 Å! for a well
thickness less than 200 Å.16 As a result of this 1.3% biaxia
tension, the InAs band gap is reduced from 420 to 287 m
at 0 K.17 With the simple model indicated in Fig. 3~a!, the
valence band offset between the AlSb and InAs is de
mined to be;130 meV. This is smaller than, but consiste
with the value of 160 meV obtained from photoemissi
experiments,18 and the value of 190 meV calculated by firs
principle local density functional theory.19

The addition of Sb in InAs is expected to reduce t
valence band offset since the valence band maximum of
unstrained InSb is close to the conduction band minimum
the unstrained InAs. Moreover, with 18% Sb, th
InAs12xSbx well is lattice matched to AlSb, which is mor
favorable for device applications. We first investigated a 1
Å InAs0.80Sb0.20/AlSb single quantum well, grown as a dig
tal superlattice with 10 periods of~InAs!4~InSb!1. Its sche-
matic diagram is illustrated in Fig. 3~b!. We observed a PL
signal, whose integrated intensity is only three times sma
than the 872 Å ‘‘bulk’’ InAs0.78Sb0.22, in contrast to nonlu-
minous InAs single quantum wells. This is the signature
type-I band alignment. The peak energy is 272 meV for
SQW as opposed to 205 meV for ‘‘bulk’’ InAs0.78Sb0.22.
This implies that the confinement energy is 67 meV,15,17

which is consistent with the expectation of small electrly.
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mass for InAs12xSbx . The peak energies for several 150
SQWs are included in Fig. 2 as open circles. Since the
composition in InAs12xSbx SQW cannot be obtained b
x-ray diffraction, we designated thex value based onx
51/(11n). Note the coincidence that open circles lie alo
the solid curve. This is because the band-gap reduction
to ordering is compensated by the subband energy, w
both are in the order of 65 meV. We observed PL forn
52, 3, 4, and 5, i.e.,x533%, 25%, 20%, and 17%. How
ever, as with InAs/AlSb SQW, we do not detect PL forn
56 and 7, i.e.,x514% and 12.5%, respectively. As a resu
we concluded that the transition from type-II to type-I ba
alignment occurs aroundx515%.

FIG. 3. Schematic band edge diagrams of~a! InAs/AlSb quantum well with
an InAs subchannel, and~b! InAs0.80Sb0.20/AlSb quantum well, where the
energy is in units of meV. The first few subbands in each quantum well
also indicated.
b

ue
re

In summary, we have systematically studied t
(InAs)n~InSb!1 digital superlattices. Based on the PL expe
ment at 5 K, the effective band gap of digital InAs12xSbx

alloys is smaller than the random InAs12xSbx alloys. This
band-gap reduction, which is attributed to the ordering
fect, gets bigger asx is increased. In addition, we have als
investigated the valence band offset between InAs12xSbx

quantum wells and AlSb barriers. This offset is determin
to be 130 meV forx50, and gets smaller asx is increased.
Most importantly, it is found that whenx.15%, the
InAs12xSbx /AlSb quantum well forms type-I band align
ment, which is a desirable characteristic for FET devices
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